The underwater visual acuity (the angle subtended by the minimal resolvable line width of high contrast square wave gratings at a viewing distance of 2 m) of two male harbor seals was determined at different levels of water turbidity. Starting with visual acuity angles of 5.5 0 and 12.7 0 in clear water we found visual acuity to decrease rapidly with increasing turbidity at rates of 7.4 0 and 6.0 0 per formazin nephelometric unit (FNU). Besides the individual differences in visual performance of the harbor seals tested, our results reveal a dramatic loss of visual acuity even at moderate levels of turbidity. At sites in the German Wadden Sea, where harbor seals are known to roam and forage, we measured turbidity levels exceeding 40 FNU. These data suggest that turbidity has to be considered as an important factor in the sensory ecology of pinnipeds.
Introduction
Underwater vision in marine organisms strongly depends on the optical properties of their respective aquatic habitat. According to empirically tested theory about the propagation of visual information underwater (see Duntley, 1963; Jerlov, 1976; Lythgoe, 1979 Lythgoe, , 1988 , the visibility of an object underwater depends on its inherent contrast, i.e., the difference in brightness between the object and its background, and the attenuation that the reflected light undergoes on its way from the object to the observer. The attenuation is strongly dependent on the presence of dissolved and particulate matter in the water, like phytoplankton, ''yellow substance'', and suspended solids (Jerlov, 1976; Mobley, 1994) . In addition, light from the object that is forward scattered at low angles, and the scattering of ambient light towards the observer over the entire path of sight (veiling brightness) is superimposed on the picture of the object and degrades visual resolution (Duntley, 1963) . Again, the magnitude of the contrast reduction caused by scattering depends on the degree of turbidity of the respective water. For a horizontal path of sight and light of a certain wavelength the apparent contrast of an object decreases with distance according to C r = C 0* e Àa * r , where C 0 is the contrast between the object and the background space light when viewed at close distance, C r is the apparent contrast at distance r, and a is the narrow beam attenuation coefficient that describes the attenuation of light on its way through the water due to scatter and absorption (Duntley, 1963; Lythgoe, 1988; Partridge & Cummings, 1999) . From this equation it derives that the distance range within which the object can be seen depends on the spectral contrast sensitivity of the observerÕs eyes and the components of the water, which determine the narrow beam attenuation coefficient. An aquatic organism relying primarily on vision is strongly dependent on the transparency of the water and turbidity is therefore recognized as a relevant ecological factor in aquatic systems, e.g., in models of aquatic visual feeding (Aksnes & Giske, 1993; Aksnes & Utne, 1997) . In laboratory experiments Miner and Stein (1996) could show that the detection distance between bluegills (Lepomis macrochirus) and largemouth bass (Micropterus salmoides) decreased as a negative power function of turbidity from about 2 m in clear water to 0.23 m at 10 nephelometric turbidity units (NTU). This is in accordance with the findings of Vogel and Beauchamp (1999) for the lake trout (Salvelinus namaycush). Miner and Stein (1996) could also show that turbidity affected the habitat choice of the prey species (bluegills) that spent more time in deep-water habitats when turbidity was high. Such a turbidity-related change in habitat choice was also reported by Abrahams and Kattenfeld (1997) for fathead minnows (Pimephales promelas).
In foraging pinnipeds vision has been suggested to be the predominant source of sensory information (Hobson, 1966; Lavigne, Bernholz, & Ronald, 1977; Levenson & Schusterman, 1999; Walls, 1942) . During the last decades research on vision in pinnipeds has focused on their amphibious visual capacity with special emphasis on the adaptations to the optical properties of the aquatic environment. Studies on several phocid and otariid species revealed that the pinniped eye, due to its morphology, retinal architecture and spectral sensitivity, is well adapted to functioning at low light levels and the narrow range of spectral energy that prevail underwater (for reviews see Dehnhardt, 2002; Supin, Popov, & Mass, 2001) . Some researchers even deny the need for non-visual explanations of pinniped underwater orientation (Levenson & Schusterman, 1999) . However, the existence of blind but wellnourished seals in the wild (Newby, Hart, & Arnold, 1970) and the obvious poor image transmission at high levels of turbidity (e.g., at some sites in the German Wadden Sea a Secchi-disk disappears from view at depths <1 m (Aarup, 2002) ) are at least two points challenging this view.
One parameter that is used to characterize visual performance in animals is the visual acuity of its eyes. In sea lions, fur seals, and harbor seals underwater visual acuity was found to be in the range between 2.7 0 and 8.3 0 , which is the same order of magnitude as in terrestrial carnivores like the cat (Mass, 2004; Mass & Supin, 1992 , 2003 Schusterman & Balliet, 1970a , 1970b . However, the data presented in these studies represent the maximum visual acuity of the respective experimental animal. Although many pinniped species may have to cope with impaired sight due to turbidity, little is known about the effect of low or moderate levels of turbidity on the visual performance of seals. Recently, Strod, Arad, Izhaki, and Katzir (2004) have shown that in cormorants (Phalacrocorax carbo sinensis) underwater visual acuity declines linearly with increasing turbidity. They could also show that even slight turbidity of less than 1 NTU has an effect on image formation underwater.
To investigate the effect of turbidity on the underwater visual acuity in pinnipeds we determined the visual acuity of two harbor seals at different levels of turbidity using psychophysical techniques. Our findings indicate that turbidity is a significant and hitherto underestimated factor in the sensory ecology of pinnipeds.
Method

Subjects
The study was conducted in our marine mammal research lab at Zoo Cologne, Germany, where we keep eight male harbor seals (Phoca vitulina). The experiments were carried out in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC). Two experimentally naive seals (Bill, three years of age; Sam, seven years of age) served as subjects. Their daily diet consisted of 2-5 kg of herring supplemented with vitamin. The entire amount of fish was fed during the experiments. Experiments were carried out in a freshwater pool with a capacity of 300 m 3 and a maximum depth of 1.7 m. The experimental pool was connected via a gate to a larger pool of 600 m 3 . The water was not filtered, but water quality was maintained by a continuous flow of freshwater and regular water changes. To separate the subjects from the rest of the animals the gate was closed during the experiments. Only during test sessions subjects were allowed to enter the experimental pool. While one subject was working at the test apparatus the other seal was stationed in a hoop-station several meters away from the apparatus.
Management and measurement of water turbidity
To achieve a continuous increase of water turbidity in the experimental pool the water was not changed during each series of experiments allowing algae and particulate organic matter to accumulate in the water column. A total of ten test series was carried out between November 2001 and December 2002. The duration of a test series ranged from 3 to 41 days. After each experimental session the turbidity of the water in the experimental pool was measured using a laboratory turbidity photometer (NEPHLA, Dr. Bruno Lange GmbH Berlin, Germany) calibrated in formazin nephelometric units (FNU) conforming to DIN EN 27027 or ISO 7027 to DIN standard formazin. It should be noted here, that measurements of turbidity using turbidity photometers just determine the attenuating or scattering effect of a water sample to monochromatic light of a certain wavelength (860 nm our case). The effect of the turbidity of the water sample on the sensory relevant spectral bandwidth is not revealed by such measurements.
After the entire water volume in the pool was changed the turbidity of the water was 0.2 FNU increasing at a mean rate of 0.2 FNU per day. The highest level of turbidity measured was 7.8 FNU 35 days after the water was changed. The water appeared to be clear to the human eye up to a turbidity of about 1 FNU. The increase of turbidity was accompanied by a change of the color of the water, which became greenish-yellow at turbidity above 2 FNU. Due to the fact that there were only minute water movements in the pool between test sessions, particles of higher density than water sedimented. Therefore, the experimental animals were sent to swim around in the pool at the beginning of each session, this way causing strong turbulence resulting in a more homogenous turbidity in the experimental pool.
In oceanographic studies water turbidity is not routinely measured in FNU, but e.g., by means of a Secchi-disc (Aarup, 2002) . To get an idea of the turbidity in the North Sea with regard to the standard formazin, water samples were collected from different depths at several sites in the German Bight where harbor seals are abundant. The turbidity of the water samples was measured immediately after they were taken using the same photometer described above. Exact positions of the sample sites were determined using a handheld GPS receiver. All samples were taken during high tide.
Stimuli and test apparatus
Visual acuity was determined as the angle subtended by the minimal resolvable line width of high contrast square wave gratings at a viewing distance of 2 m. Stimuli consisted of gratings of black and white lines of equal width. The animals task was to discriminate between horizontally and vertically oriented gratings of the same size. This way the seals could not discriminate the stimuli on the basis of brightness cues.
Gratings of 195 · 195 mm 2 (subtending a visual angle of about 5.6°· 5.6°at a viewing distance of 2 m) were designed using computer graphic software (CorelDRAW) and printed at 1200 dpi with a laser printer using standard printer paper. Gratings were shrink-wrapped in transparent foil of 125 lm. The gratings were fixed on PVC-boards of 230 · 330 mm 2 . This way 25 pairs of stimuli were obtained with line width ranging from 0.5 mm to 24 mm. Contrast of the gratings in air with respect to a human observer was 0.85 calculated as C ¼
, where L B and L W are the luminance of the gratingÕs black and white lines. Luminance measurements were performed using a Minolta LS-110 luminance meter (note that luminance is a photometric measure that is based on the human spectral sensitivity).
The test apparatus ( Fig. 1) was designed for the presentation of stimuli in a two alternative forced choice procedure. The apparatus consisted of a grey PVC test-board (700 mm high, 900 mm wide) that was installed vertically in the experimental pool so that the upper edge of the board was 350 mm below the water surface. Two windows (200 · 200 mm 2 ) were cut out beside each other in the testboard. The windows were separated from each other by 200 mm and their upper edges were positioned 500 mm beneath the water surface. Stimulus plates were mounted behind the two windows in vertical runners that could be folded back from their vertical position to the rear side of the apparatus. In order to hide the stimuli from the subjects during the inter trial intervals ($30 s) as well as to be able to exchange the stimuli without being observed by the seals, the windows could be covered by an opaque PVC shutter. The shutter could be raised and lowered manually by the experimenter using a pulley system fixed to the testboard.
To keep the subjects at a fixed distance to the stimuli a frame of aluminum tubes was installed 2 m in front of the vertical board (Fig. 1) . A plastic ball was attached in the middle of the frame as a stationing target for the seals. The stationing ball was 650 mm below the water surface.
The runners on the back of the test-board were connected to aluminum tubes that were mounted at both sides of the stationing ball. A funnel-shaped response target was attached to the end of each tube. When the seal pressed the funnel with its muzzle the runner on the back of the testboard was folded back this way signaling the experimenter the animalÕs choice. During a session the experimenter crouched on a platform behind the test-board separated visually from the animal by an opaque screen.
Procedure
The subjects were trained in a forced choice paradigm to discriminate between horizontally and vertically oriented gratings of black and white lines. The respective horizontal gratings were arbitrarily defined as the positive stimulus. At the beginning of each trial the animal swam to the frame in front of the test apparatus and placed its muzzle on the stationing ball, while the windows of the test-board were still covered by the shutter. Then the stimuli were mounted into the runners behind the windows always beginning with the left window (from the animalÕs position). During a session, stimuli were presented at both positions of the apparatus according to pseudorandom schedules (Gellermann, 1933) . A trial started when the shutter covering the stimuli was lowered, so that the stimuli became visible to the seal. Lowering the shutter served as the signal for the seal that a trial was started. For a correct response the seal had to press the funnel on the side where the positive stimulus appeared. A correct response was rewarded by a piece of cut herring. An incorrect response was not rewarded. A session consisted of 30 trials. Two sessions (at 9 a.m. and at 5 p.m.) were conducted with each animal per day. During experimental sessions the site in the pool were the apparatus was installed received only indirect natural light. Underwater flicker (caustics) could not be observed. Occasional measurements of the intensity of the downwelling light using a light meter with the sensor placed in a waterproof housing at the depth were the stimuli were presented, revealed illumination levels between 575 and 2150 lux (again, note that lux is a photometric unit that is based on the human luminosity function).
As the turbidity in the experimental pool increased rapidly we decided for a method of data recording that allowed fast estimates of visual acuity. Therefore, we used the psychophysical staircase method by decreasing the line width of the stimuli after each correct choice and increasing the line width after each false response. In the initial trial of each test session we used stimuli that we expected to be easily distinguishable for the animals. Thus, a session typically started with an initial run of correct choices that brought the line width to a range where the stimuli became indistinguishable for the animals and incorrect responses happened to occur. The upper border of this range of line width was confined by the transitions between one or more consecutive incorrect responses, resulting in an increase of the line width, and the next correct choice after which the line width was decreased. We took the average line width of these transition points as a behavioral indicator for the visual acuity of the subject at the respective level of turbidity. In addition, to obtain a representative 75% threshold estimate for visual acuity under clear water conditions we calculated the percentage of correct choices for each line width from all test sessions that were conducted in the range of turbidity 61 FNU.
Results
Fig . 2 shows the minimal resolvable line width and the corresponding visual acuity angles of both experimental animals plotted as a function of turbidity. Each data point represents the mean of at least 5 (max. 25) upper transition points determined in up to three sessions. Under apparently clear water conditions (turbidity 61 FNU) we found visual acuity to be almost unaffected by turbidity in both animals. Beyond 1 FNU, visual acuity decreased rapidly with increasing turbidity. To determine the average loss of visual acuity per FNU we calculated linear regressions for both data sets. The average rate of loss of visual acuity over the entire range of turbidity tested is 7.4 0 per FNU in Bill and 6.0 0 per FNU in Sam. To determine the maximum visual acuity of our experimental animals at water turbidity levels 61 FNU we calculated the percentage of correct choices for each line width in all test sessions that were conducted in this range of turbidity. The resulting psychometric functions are shown in Fig. 3 . Visual angles at threshold (75% correct choices) calculated by linear interpolation are 5.5 0 for Bill and 12.7 0 for Sam. The results of our turbidity measurements in the North Sea are shown in Table 1 . Turbidity at the different sample sites ranged between 7 FNU and 40.7 FNU at a depth of 2 m. At depths from 6 to 7 m turbidity ranged between 22 FNU and 39.8 FNU.
Discussion
Our results indicate a dramatic loss of visual acuity in harbor seals even at the moderate levels of turbidity used in this study. The estimates for the visual acuity of our seals under clear water conditions compare well with data reported by Schusterman and Balliet (1970b) , who determined an underwater visual acuity angle of a single harbor seal of 8.3
0 . In their study the animal was required to discriminate between gratings of black and white lines of equal width versus a gray field. In another study Jamieson and Fisher (1970) measured visual acuity in a male and a female harbor seal both in air and in water. Here, the animals were trained to distinguish between one solid black line and two black lines separated by a gap. The minimum size of the gap that could be detected served as an indicator for visual acuity. Visual acuity angles around 2.0 0 were found in both animals in air and in water. However, as pointed out by the authors the animals may have detected differences in the luminance of the stimuli rather than making decisions by using the resolving power of their visual system. Therefore, the work of Schusterman and Balliet (1970b) provides the only reliable data about the visual acuity of harbor seals so far. Together with these data our results reveal that individual visual acuities of harbor seals may differ by a factor 2. The visual acuity of our seal Sam (12.7 0 ) is the poorest ever determined in a pinniped species underwater at sufficient light conditions. Assuming that the visual acuity values of our seal Bill (5.5
0 ) and the animal tested by Schusterman and Balliet represent emmetropic underwater vision it seems likely that SamÕs poor performance is caused by ametropia. However, the number of animals tested so far is too small to make a final judgment about the variability of visual acuity in harbor seals. In humans visual acuity among a young ocularly normal population ranges from 0.3 0 to 1 0 (Elliott, Yang, & Whitaker, 1995) and thus also shows considerable variation (Coppens & Berg, 2004) .
While marked differences in visual acuity were found in our seals at clear water conditions (61 FNU) the mean rate of loss of visual acuity over the entire range of turbidity that we tested is similar in both animals (7.4 0 per FNU in Bill and 6.0 0 per FNU in Sam). The magnitude of this loss of visual acuity reveals that the sealÕs good visual performance in clear water may be degraded even by a slight increase in turbidity. This is in accordance with the results of Strod et al. (2004) who found the visual acuity of cormorants to be affected by low levels of turbidity. The range of turbidity that we observed in our experimental pool must be considered to be moderate in absolute terms. The turbidity range covered by standard formazin includes clear tap water of 0.02-0.5 turbidity units to raw sewage of more than thousand turbidity units. However, reports about turbidity in the ocean that make use of photometers calibrated in standard formazin are rare. Our measurements in the North Sea reveal a turbidity of 7 to more than 40 turbidity units. As the sample sites were located in one of the most turbid areas of the Southern North Sea (Aarup, 2002) they might represent an extreme ecological situation specific for the harbor seals of the German Wadden Sea. However, Abookire, Piatt, and Speckman (2002) measured turbidity in a fjord in Southeast Alaska where they found turbidity values ranging between 7.8 and >15 FTU at depths from 3 m to 16 m. Turbidity was >10 FTU to depths of 41 m. (The units FNU, NTU and FTU (formazin turbidity unit) have the same value for a certain turbidimeter and water sample. However, it is important to note that different turbidimeters employing different measuring procedures may produce different output in the same unit even for the same sample. In addition, measurements of turbidity may vary with differences in the optical properties of the particles, which make up turbidity in the respective water sample. Therefore, the data cited here are not directly comparable to our measurements but may represent the magnitude of the range of turbidity seals might find in the ocean, even in the same area.) Thus, the turbidity that pinnipeds meet in the ocean might be considerable higher than in our study. Many pinniped species are known to forage in turbid inshore waters and even in estuaries, because of the abundance of plankton and fish in such waters. One should keep in mind that the term turbidity refers to a variety of components and properties of natural water affecting underwater vision. These not only include the scattering of light that degrades image contrast and limits the visual range but also the spectral filtering, which determines the spectral bandwidth and intensity of light that is available for vision at a certain depth. Underwater vision is therefore affected by turbidity in more than one way and the role these constraints played in the evolution of the pinniped visual systems, e.g., with regard to the spectral sensitivity of their visual pigments or color vision (compare Peichl, Behrmann, & Kröger, 2001 ), remains to be clarified. However, given a loss of visual acuity of more than 5 0 per FNU as indicated by our measurements it seems unlikely that vision could fulfill the requirements of a long range sensory system for object recognition even at moderate levels of turbidity.
This raises the question by which sensory channels and neural mechanisms seals can compensate for the loss of visual information under turbid conditions. Besides the perception of acoustic stimuli Dehnhardt, Mauck, and Bleckmann (1998) suggested the vibrissal system sensitive to hydrodynamic stimuli to fit this requirements. The persistence of hydrodynamic trails generated by fish is certainly long enough to be used by a seal for long range sensory scanning (compare Dehnhardt, Mauck, Hanke, & Bleckmann, 2001 ). According to Davis et al. (1999) , seals detect their prey mainly visually and may use hydrodynamic information during the last stage of prey pursuit. Our data reveal that in turbid waters the opposite mechanism seems more probable. However, to our understanding most complex behaviors rely on the integration of information from any sensory channel that provides relevant input. The resulting multimodal representation of the environment is obviously so robust that it even compensates for the loss of one modality due to disease or extreme ecological constraints. Therefore, to understand pinniped orientation we need to know all sensory modalities that provide relevant information in a certain behavioral context and the mechanisms that operate on the processing of this information.
